We present an experimental investigation of separate distributions of intra-and inter-Landau-level scattering (LLS) in a quantum Hall bar, through the combined use of local voltage sensing and cyclotron emission imaging. The images obtained reveal that the two scatterings are in marked contrast: intra-LLS occurs over the whole channel while inter-LLS is localized in two hot spots and around the source contact. This suggests a substantial difference in the two scattering processes and their characteristic length scale, which is consistent with the expectation from earlier reports. A two-dimensional electron gas (2DEG) under strong magnetic field exhibits a dramatic phenomenon known as the quantum Hall effect (QHE), 1,2 in which the longitudinal resistance vanishes and the Hall resistance is precisely quantized. One of the conditions for the manifestation of the integer QHE is that the Fermi level is between two successive Landau levels (LLs). Therefore, it has been readily understood that when the system deviates from the integer QHE state, e.g., in the transition regions between two QHE plateaus and in the QHE breakdown regime under high current, a finite longitudinal voltage V xx appears as a consequence of inelastic intra-or inter-LL scattering (LLS) of carriers. Earlier works 3 reported that inter-LLS involves a slow physical process, the typical time scale being as long as 10-100 ns. On the other hand, since the occurrence of intra-LLS does not require much energy compared to inter-LLS, one can imagine that the rate of intra-LLS will be much higher. This leads us to expect that intra-and inter-LLS may be drastically different in terms of spatial distribution.
A two-dimensional electron gas (2DEG) under strong magnetic field exhibits a dramatic phenomenon known as the quantum Hall effect (QHE), 1, 2 in which the longitudinal resistance vanishes and the Hall resistance is precisely quantized. One of the conditions for the manifestation of the integer QHE is that the Fermi level is between two successive Landau levels (LLs). Therefore, it has been readily understood that when the system deviates from the integer QHE state, e.g., in the transition regions between two QHE plateaus and in the QHE breakdown regime under high current, a finite longitudinal voltage V xx appears as a consequence of inelastic intra-or inter-LL scattering (LLS) of carriers. Earlier works 3 reported that inter-LLS involves a slow physical process, the typical time scale being as long as 10-100 ns. On the other hand, since the occurrence of intra-LLS does not require much energy compared to inter-LLS, one can imagine that the rate of intra-LLS will be much higher. This leads us to expect that intra-and inter-LLS may be drastically different in terms of spatial distribution.
The issue of LLS distribution has attracted much interest and has been investigated by various techniques. By using the fountain-pressure effect of superfluid liquid helium, Klaß et al. 4 demonstrated that, in the QHE state, dissipation takes place almost totally at the diagonally opposite current entry and exit corners of the sample (hot spots). Knott et al. 5 provided images of potential distributions by utilizing the internal electro-optic effect, and found that Hall potential profiles vary with current and magnetic field. They revealed that the equilibrium length of excited electrons is extremely long. In the late 1990's, the application of nano-probe techniques such as atomic force microscope and single electron transistor has made it possible to map potential distributions with sub-micron resolution. 6 Though these earlier works have shed light on the properties of LLS, until now intra-and inter-LLS has not been separately studied in one sample. Thus, how the two LLS distributions are different has not been satisfactorily clarified.
In this paper, we report the observation of separate spatial distributions of intra-and inter-LLS. This measurement has become possible through the combined application of local voltage sensing and cyclotron emission (CE) imaging, each of which we previously developed. 7, 8 In the local voltage sensing technique, we are able to determine voltage distributions and moreover, as described later, to obtain the V xx distribution by differentiating the measured voltages with respect to the length direction of the sample. On the other hand, since CE is radiated via inter-LL transitions of electrons, mapping the CE intensity V CE provides a direct probe of inter-LLS. Hence, comparing the mapped data of V xx ͑x , y͒ and V CE ͑x , y͒ enables us to evaluate the contribution of inter-LLS to V xx at a local spot. The resulting data reveal that the two LLS distributions are strikingly different, namely, intra-LLS occurs in the entire region of the 2DEG channel whereas inter-LLS is significant only in two hot spots and in a localized region close to the source (electron-injecting) contact. We show that the features of the two distributions can be qualitatively understood by considering the respective scattering processes and their characteristic length scales.
The experimental setup of the present system is schematically shown in Fig. 1 . A small Hall bar device and a hyperhemisphere lens made of pure silicon crystal are in contact with the front and back surfaces of the sample, respectively. The small Hall bar works as a scanning electrometer and the lens is used to spatially resolve the CE radiated from the 2DEG of the sample. nism is based on variation of the electron density caused by capacitive coupling between the two adjacent 2DEG layers. The detected signal is a change of the longitudinal voltage of the electrometer due to the electron density variation. In this technique, spatial resolution is about 2 m, which is determined by the sensing 2DEG area of the electrometer, defined by the channel width, 1.5 m and the interval, 2.3 m, between the two voltage probes. 7 On the other hand, CE imaging is performed by scanning the lens across the sample back surface, with the focal point of the lens designed to be on the 2DEG layer of the sample. The CE from the focal point is collimated via the lens and is guided through a metallic light pipe to a highly sensitive and wavelength-selective farinfrared (FIR) detector based on cyclotron resonance of the QHE device. 9, 10 Off-axis light is filtered by a black polyethylene pipe. A resolution of about 50 m is obtained at 120 m, the wavelength of CE in vacuum.
The sample investigated is a rectangular Hall bar with a length L = 2.8 mm and a width W = 1 mm, which is fabricated from a GaAs/ AlGaAs heterostructure with H =53 m 2 /V s and n s = 2.4ϫ 10 15 m −2 at 4.2 K. In spatially resolved measurements, the two kinds of detected signals, i.e., V͑x , y͒ and V CE ͑x , y͒, are simultaneously recorded with two lock-in amplifiers, where 30 Hz rectangular-wave currents alternating between zero and a given finite value I are transmitted through the sample. The sample is moved by an X-Y translation stage, while the electrometer and the lens are spatially fixed. All the measurements are performed at 4.2 K. In this work, we study V xx and V CE in the transition regions between two QHE plateaus.
Three remarks need to be made on imaging V͑x , y͒. First, V͑x , y͒ consists of longitudinal and transverse components. The former is directly related to the inelastic scattering of the carriers, but the latter is the Hall voltage, V H , irrelevant to energy loss. In order to exclusively obtain the V xx distribution, we defined V xx ͑x , y͒ as the variation of V͑x , y͒ over a distance of 50 m in the direction of the length of the sample: V xx ͑x , y͒ = V͑x + ⌬x , y͒ -V͑x , y͒ with ⌬x =50 m. 11 Second, very sharp changes of V H occur in the junction regions between the current contacts and the 2DEG, especially in two hot spots, 12 therefore, the data points associated with these sharp changes of V H are excluded from the final images. Third, in general, the donor and the surface charges in the GaAs/ AlGaAs crystal produce additional potentials to affect the observation of potential profiles in the 2DEG layer. 13 In fact, we observe small fluctuations of V͑x , y͒ on a short length scale (similar to the resolution of about 2 m), which may be due to the static charges. In the present technique, we are not able to completely exclude this influence. However, since the final images of V xx ͑x , y͒ are obtained by differentiating V͑x , y͒ over a much larger scale ͑50 m͒, the above situation does not qualitatively affect data reported below. Fig. 2(b) , color imaging plots of V xx and V CE are displayed at three current levels, I = 20, 70, and 140 A. The 20 A data show that V xx appears over the entire area of the 2DEG channel whereas CE is present only in the two hot spots. This means that the origin of the observed longitudinal voltage (except at the hot spots) is due to intra-LLS. CE at the hot spots is consistent with our earlier report, 14 in which we show that it can be reasonably understood to take place via tunneling injection of nonequilibrium electrons from the source contact and inter-LL tunneling of electrons near the drain contact. Furthermore, the V xx data at I = 70 and 140 A show that an additional large V xx shows up around the source contact and, with increasing the current, the area covered by a large V xx expands toward the interior 2DEG region. Comparing with the V CE data reveals that a strong CE appears in the similar region, 15 indicating that V xx observed in this localized area mainly arises from inter-LLS. (As shown in Fig. 3 , there is a small contribution of intra-LLS, too.) It is also seen that V xx is present over the whole 2DEG region while CE remains absent (except in the hot spots). This situation is similar to that observed at I =20 A, showing again that V xx induced by intra-LLS is generated over the entire area of the 2DEG. The correlation and absence of correlation between V xx and V CE are more distinctly demonstrated in Fig. 3 . Figure 3 represents V xx and V CE versus I at two different positions in the sample: 16 the symmetrical spots positioned close to (100 m away from) the source and drain contacts, as indicated by the two respective arrows in the insets. The left panel concerning the source contact side shows that in the lower current region (below ϳ45 A), V xx has a weak dependence on I (nearly linear characteristic) and no CE occurs. However, as the current increases beyond ϳ45 A, the I -V xx characteristic becomes strongly nonlinear and simultaneously CE appears. On the other hand, in the right panel concerning the drain contact side, the I -V xx characteristic remains almost linear and has no correlation with the CE signal. This is very similar to the behavior observed below ϳ45 A on the source side. These results unambiguously confirm the position-dependent relationship between V xx and V CE , seen in Fig. 2(b) .
The experimental findings presented above are summarized as follows: Two kinds of V xx having different origins coexist, namely, the first one is V xx over the entire 2DEG region due to intra-LLS and the other one is V xx in the two hot spots and around the source contact due to inter-LLS. We confirm that the pattern of these features systematically changes upon reversing B and I, and they are also observed for other LL filling factors v = 1.66, 1.82 and 2.11 and for other samples fabricated from different wafers. This rules out the possibility that they are due to inhomogeneity of the electron density.
As shown in Fig. 2 , the intra-LLS distribution is almost symmetrical between the source and drain sides, which seems to be in accordance with the electric field distribution in the QHE Hall bar. In contrast, inter-LLS does not occur equally between the source and drain sides. Obviously, this feature does not follow the electric field distribution, meaning that inter-LLS has a nonlocal nature over a macroscopic length scale. The remarkable difference between the two LLSs suggests similar differences in the scattering processes involved and in their characteristic length scale. These are discussed in the following section.
In the lower current region below ϳ30A without inter-LLS (except at the two hot spots), the current is mainly carried by electrons in the delocalized state within one LL near the Fermi level, leading to the generation of V xx via phonon or impurity scattering of the electrons. In general, scattering on the acoustical phonon takes place when the drift velocity of the electrons is higher than the sound velocity 17 (typical electric field E Ͼ 10 kV/ m at B =5-6 T). Since E ϳ 450 V / m corresponding to I ϳ 30 A in this experiment is insufficient to cause such a process, impurity scattering is likely to be the main mechanism. Accordingly, the range, 0.05-0.2 m, of the disordered potential resulting from the ionized impurities 18 can be taken as the characteristic length, L intra , of intra-LLS. It is thus understood that V xx responsible for intra-LLS appears over the whole 2DEG region, as long as the sample dimensions L, W are much larger than L intra .
As the current increases, electron excitations into higher LL assisted by the high electric field produces inter-LLS, especially, in the vicinity of the current contacts. The observed macroscopic nonlocality of inter-LLS cannot be explained in terms of the local picture applicable to intra-LLS. As explained earlier in this article, it is known that inter-LLS is a slow process which is supposedly related to electronphonon interaction. 3 From the time scale of 10-100 ns reported by earlier works, we can estimate a length scale of 30-300 m as the characteristic length, L inter , of inter-LLS, using the drift velocity, v d = E / B ϳ 2.6ϫ 10 3 m / s, of the electrons with E ϳ 15 kV/ m ͑I ϳ 100 A͒ and B = 5.75 T. 19 This means that the electrons travel the macroscopic distance L inter to lead to an appreciable generation of V xx . Based on this knowledge, the feature of the inter-LLS distribution can be qualitatively explained as follows: Electron excitation into higher LL begins to take place owing to the high electric field in the electron entry corner S E . Though the electric field decreases away from S E , the excitation process can continue over the distance L inter , resulting in the generation of V xx in the corresponding region. As the applied electric field becomes higher, such as I = 70 and 140 A in the present experiment, the area where such excitation occurs further expands through the opposite corner ͑S O ͒ toward the interior region. A similar excitation process takes place along the boundary of the drain contact. In this region, however, electrons travel from the opposite corner ͑D O ͒ to the electron exit corner ͑D E ͒, which is opposite to that on the side of the source contact. As a result, though electron excitation starts around D O , inter-LLS does not appreciably occur there and the maximum rate of inter-LLS is achieved at D E .
We would like to add a note regarding inter-LLS. From the above interpretation, it is readily expected that the inter-LLS distribution exhibits a macroscopic channel-size effect, in relation with L inter . For example, if W is smaller than L inter , substantial population of nonequilibrium electrons associated with inter-LLS will not build up in the vicinity of the source contact. In such narrow devices, electron excitation can take place only as the electrons traverse the Hall bar along the length direction of the 2DEG channel. This, in fact, is observed in several works which measured resistance (voltage) distributions along the sample-length direction in the QHE breakdown regime, using Hall bars with many voltage probes. 20, 21 These experimental results also support the validity of the above picture of inter-LLS.
Finally, we mention comparison between the present CE imaging and the heat dissipation imaging by Klaß et al. 4 Though Klaß et al. observed asymmetry in the dissipation between source-and drain-contact sides with higher currents ͑I Ͼ 100 A͒, they found no signature of heat generation in a wide area extending from the source contact toward the interior 2DEG region, as seen in the present results. We interpret this difference as follows: First, we suggest that Klaß et al.'s experiment probes the lattice temperature related to Joule heating while the present technique probes the effective temperature of the excited electrons. Second, we point out that the CE intensity is influenced by the probability of the radiative recombination. In both experiments, the Hall resistance R H ͑ϳ13 k⍀͒ is substantially larger than the longitudinal resistance R xx ͑Ͻ4 k⍀͒. In this situation, since the total dissipation is dominated by R H I 2 at the two hot spots, the heat generation is concentrated on the two spots. On the other hand, in our previous work, 8 we found that the radiation efficiency of the CE in the interior region is higher than that at the hot spots, by a factor of about 10. This makes CE visible in the interior region.
In summary, we have separately examined spatial distributions of intra-and inter-LLS in a QHE Hall bar, by introducing a hybrid system combining local voltage sensing and CE imaging. The images obtained show that inter-LLS has a macroscopic nonlocal nature, which is in strong contrast with the local behavior of intra-LLS. The features that were observed can be reasonably understood as arising from a considerable difference in the length scale characteristic of the scattering processes, providing a strong support to earlier reports.
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